ABSTRACT: This paper matches sediment fluxes, estimated to have passed through an ancient river system, with mapped downstream sediment volumes in a deltaic sink, providing a test of the recently developed fulcrum approach to source-to-sink analysis. This paper uses field measurements (such as channel depth, width, and grain size) to estimate paleodischarge in an ancient trunk channel of the Cretaceous Ferron Sandstone in central Utah. The estimates of instantaneous discharge are then integrated over the geological duration of the river to estimate the total sediment volume delivered to downstream deltaic sinks in an attempt to balance the estimated sediment flux with the mapped deltaic deposits in the sink. The bankfull channel depths, calculated using the scaling relationship between the flow depth and the mean dune height, vary from 3.3 to 5.5 m with an average depth of 4.4 m. The corresponding bankfull channel width estimates vary from 50 to 80 m, with an average value of 65 m, calculated using scaling relationship between channel width and the width of accretion surfaces. Water discharge calculated for these bankfull dimensions vary from 2.7 3 10 2 m 3 /s to 8.6 3 10 2 m 3 /s, also indicating that these rivers were routinely capable of generating hyperpycnal flows. The instantaneous sediment discharge reaching the fulcrum was calculated using established sediment transport equations. These instantaneous discharge values were first converted to mean annual sediment volume using the bankfull event durations, recurrence intervals, and a factor for the proportion of the total annual sediment load transported during the bankfull period, based on empirical relationships from modern climate analogs, and then projected over the average time duration of individual parasequences in the Ferron Notom clastic wedge, which is approximately 14 kyr. The mass balance across the fulcrum reveals that the average bedload sediment volume derived from the source (about 3 km 3 ) matches with that deposited in the sink within a factor of two. However, underestimation of the bedload volume in the sink suggests sediment escape beyond the limits of currently mapped sink area. Previous models for the Ferron indicate significant SE deflection of sediment due to wave reworking, which may account for the missing sandy sediment. It is also possible that there is an overestimation of time duration for individual valleys, resulting in higher sink-volume estimation and larger source-to-sink mass imbalance. Monte Carlo simulations, based on probabilistic estimation, were used to test the sensitivity of key parameters used in converting bankfull discharge to mean annual discharge. The P10, P50 (median), and P90 values for the average annual bedload volume (Q mas ) are 9.1 3 10 4 m 3 , 1.7 3 10 5 m 3 , and 3.7 3 10 5 m 3 , respectively. A Q mas value between P50 and P90 yields a source-to-sink balance for bedload volume.
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The current study establishes a mass balance across the fulcrum with a reduced range of uncertainty for the various parameters used. Uncertainty associated with bankfull channel dimensions has been reduced through inclusion of detailed outcrop data. The uncertainty in estimating average annual sediment volume (Q mas ) from bankfull events is less than a factor of three. This uncertainty can be further reduced by incorporating a more robust global-discharge dataset from modern analog river systems. Despite many assumptions and uncertainties, our study shows that the fulcrum method appears to be capable of balancing sediment budgets to within at least an order of magnitude in deeptime sedimentary systems.
INTRODUCTION
Outcrop and subsurface data have been used for paleohydrologic calculations for ancient systems, including estimates of catchment areas (Davidson and North 2009) and bankfull discharge. Such calculations are used to make comparisons between ancient depositional systems (Bhattacharya and Tye 2004; Bhattacharya and MacEachern 2009; Li et al. 2010; Holbrook and Wanas 2014) . Major factors affecting accuracy of discharge estimates for ancient systems include lack of climate information (especially the average duration of bankfull events), limited age control, and lack of knowledge of both catchment area and sediment routing pathways (Davidson and North 2009; Holbrook and Wanas 2014) . Our analysis is based on the premise that over a given period of time, the total mass passing through a cross section of a trunk valley should be equal to that delivered from the source and to the sediment deposited in the sink, constituting the ''fulcrum approach to source-to-sink analysis'' (Holbrook and Wanas 2014) . The fulcrum approach does not require knowledge of source and basin area and relief (Holbrook and Wanas 2014) , although this information may improve the estimate, but information about paleoclimate is critical. Since this method compares the amount of sediment passing through the fulcrum to that in the sink, it does not need to account for the amount of sediment already stored in the areas upstream of the fulcrum, nor does it require the depositional sink to be a closed system (Holbrook and Wanas 2014) . However, balancing fulcrum estimates with downdip sediment volumes requires a closed sink.
The present study performs a source-to-sink sediment-budget analysis for a well-documented compound valley system and its downstream delta deposit in the mid-Turonian Ferron Sandstone of Utah, USA (Li et al. 2010; Li and Bhattacharya 2013; Ullah et al. 2015) , using the fulcrum approach. The Ferron Sandstone provides a suitable opportunity to test the fulcrum technique because it is extensively exposed and well-studied. The previous stratigraphic analysis allows specific valleys and their contained channel deposits to be linked to mapped downstream shoreface and deltaic parasequences (Fielding 2010; Li et al. 2010; Zhu et al. 2012) . Previous chronometric analysis also allows estimation of the duration of sequences in the Ferron wedge (Zhu et al. 2012) . The fulcrum was chosen in a previously identified and mapped trunk valley, and the amount of sediment passing through it is estimated using paleohydrologic measurements from the preserved channel deposits integrated over the estimated timespan of the valley during which sediment was delivered to the deltaic sink. This estimate is then compared with the volume of sediment deposited in the downstream deltaic systems (sinks) that were mapped in previous studies (Li et al. 2010; Zhu et al. 2012) . The ability to compare mapped downstream sediment volumes with the flux estimates of the fulcrum method provides the opportunity to test the utility of the fulcrum method.
STUDY AREA
The Ferron Sandstone Member belongs to the Mancos Shale Formation. It overlies the Tununk Shale Member and is followed up by the Blue Gate Shale Member (Garrison and van den Bergh 2004) (Fig. 1B) . The Ferron Sandstone was deposited in a foreland basin along the western margins of the Cretaceous Interior Seaway of North America during the Late Cretaceous (Garrison and van den Bergh 2004) (Fig. 1A) . The Ferron Sandstone is made up of three clastic wedges including the Vernal, Last Chance, and Notom delta complexes (Gardner et al. 2004; Garrison and van den Bergh 2004) . Amongst these, the Notom and Vernal deltas are the oldest (Garrison and van den Bergh 2004) .
Detailed facies analysis has established that the Ferron Notom fluviodeltaic system contains linked nonmarine river-dominated delta-plain and shallow marine facies associations (Peterson and Ryder 1975; Garrison and van den Bergh 2004; Fielding 2010; Li et al. 2010 Ar dating of sanidine crystals from bentonite beds, Zhu et al. (2012) established a mid-Turonian age of deposition for the Notom deltaic wedge, ranging from 91.3 6 0.77 Ma to 90.6 6 0.25 Ma, and covering approximately 620,000 years. Palynological studies have established an ever-wet tropical to subtropical climate regime (Akyuz et al. 2015) .
The Ferron Notom deltaic complex is subdivided into six sequences, eighteen parasequence sets, and forty-three parasequences (Li et al. 2010; Zhu et al. 2012) (Fig. 2A) . Assuming roughly equal sequence durations, the total time was divided by the number of sequences, which would suggest that each sequence was about 100 kyr in duration, and that parasequences were deposited on the order of 14-20 kyr (Zhu et al. 2012) . The origin of high-frequency, Milankovitch-scale stratigraphic cycles have been attributed to glacio-eustasy (Zhu et al. 2012 ) although the role of tectonics is also documented (Fielding 2011) .
Out of the six sequences, the older sequences, 3 through 6, are predominantly marine, whereas the youngest, Sequence 1, is entirely fluvial. The sediment-budget analysis in this paper is focused on Sequence 2 (Fig. 2) , which is the only sequence in which the landward incised valleys can be linked to the coeval shoreline systems (Li et al. 2010; Zhu et al. 2012) . Sequence 2 consists of parasequence sets 7 through 4. Parasequence sets 7 and 4 (PS7 and PS4) have only one parasequence each whereas parasequence sets 6 and 5 (PS6 and PS5) have three and two parasequences, respectively (Zhu et al. 2012 ). The constituent parasequences of PS6 can be seen in the strike section (Fig. 2B ). Detailed stratigraphic correlations (Li et al. 2010; Zhu et al. 2012) have established a proximal incised-valley system feeding the falling-stage and lowstand systems of PS7 and PS6, respectively (Fig. 2) .
Previous studies presented detailed paleogeographic maps of PS6 (Fig.  2C) , and these show an incised valley feeding a large, river-dominated delta lobe, flanked by wave-dominated shoreface deposits (Li et al. 2011; Ahmed et al. 2014) . We assume that the northern shoreface deposit (Fig.  2C ) consists of sand supplied by rivers farther north and carried to the Notom delta by longshore drift, representing the updrift margin of an asymmetrical, wave-influenced delta (Bhattacharya and Giosan 2003; Li et al. 2011) . This sandstone body is thus not considered to be a part of the Notom source-to-sink system and was not included in our sediment budget analysis. Although it was not possible to fully correlate and map the prodeltaic mudstone facies, the limits of sandstone in the river-dominated delta lobe in the middle of the map is reasonably well constrained (Zhu et al. 2012; Ahmed et al. 2014) (Fig. 2) . We also project a wave-dominated shoreface south of the river-dominated delta lobe (Fig. 2C) , and this sediment is considered as part of the PS6 source-to-sink system, and is thus incorporated in our sediment-budget analysis. We thus have a reasonably well-constrained estimate of the volume of sand in the deltaic and shoreface sinks fed by the river in the valley.
METHODOLOGY
The complete fulcrum workflow (Fig. 3) is divided into four steps: i) estimation of bankfull channel dimensions (depth and width), ii) estimation of instantaneous bankfull water and sediment discharge, iii) estimation of mean annual sediment discharge, and iv) estimation of the mass balance over a longer geological time frame (Holbrook and Wanas 2014) .
Estimation of Bankfull Channel Dimensions
Bankfull channel depth, i.e., the depth at bankfull discharge beyond which the discharge overflows onto the floodplain (Leopold et al. 1964) , and the corresponding bankfull channel width, can be estimated directly by measuring completely preserved channel stories from outcrop or subsurface data (Bridge and Tye 2000; Bridge 2003) . Care was taken in outcrops, particularly in cases recording multiple episodes of cut and fill, such as with incised-valley deposits with amalgamated vertical successions that may record incomplete story preservation (Bridge and Tye 2000; Holbrook and Wanas 2014) .
In addition to observation of preserved channel stories, empirical relationships between the bedform height and the flow depth can also be used as an independent check to estimate the bankfull flow depth (Bridge and Tye 2000; LeClair and Bridge 2001; Bhattacharya and Tye 2004) . The cross-bed set thickness of a fluvial deposit can be related to the dune height (Eq. 1), which in turn is related to the flow depth at the time of dune migration (Bridge 1997; LeClair et al. 1997) . LeClair and Bridge (2001) proposed a relationship between cross-bed set thickness and dune height (Eq. 1), based on flume experiments and modern rivers like the Calamus River in Nebraska and the Baal River in the Netherlands.
where H m is the mean dune height and b ¼ S m / 1.8 ; S m is the mean vertical thickness of cross-bed set.
The mean cross-bed set thickness should not include data from any anomalously thick cross-bed sets (Bhattacharya and Tye 2004) . The bankfull flow depth (H bf ) is estimated to be 6-10 times the mean dune height (LeClair and Bridge 2001; Holbrook and Wanas 2014) . Multiplying the mean dune height by 6 and 10 delineates the lower and upper limits of channel-depth estimates (LeClair and Bridge 2001) . Channel width (B bf ) can be measured either directly from outcrops or estimated using empirical relationships, such as those proposed by Bridge and Mackey (1993) for single-thread channel systems (Eq. 2).
Estimation of Bankfull Discharge
Once the bankfull channel depth and width are estimated, the corresponding water and sediment discharges can be calculated using well-established flow transport equations (van Rijn 1984b; Parker 2004; Wright and Parker 2004) .
The bankfull flow velocity (u) is related to the dimensionless bankfull Chézy resistance coefficient (C zbf ) by u ¼ C zbf ffiffiffiffiffiffiffiffiffiffiffiffi ffi gH bf S p (Parker 2004 (Parker , 2008 , a form of Chézy relation for flow velocity (Parker 2008) . Since velocity at bankfull conditions is given by u ¼ Q bf / B bf H bf , and (Parker 2008) , combining these two will result in Eq. 3, which can be used to calculate bankfull water discharge (Parker 2004; Holbrook and Wanas 2014) .
SðSlopeÞ ¼ ðs
Eq. 3a is a modified form of the Manning-Strickler equation (Parker 2004; Wright and Parker 2004) 
bedforms are present; D is the bedform height; w ¼ D / k where k ¼ 7.3H bf is the bedform wavelength (Holbrook and Wanas 2014) . In Eq. 3b, s * bf 50 is the dimensionless shear stress, which is assumed to be 1.86 for sand-bed rivers (Dade and Friend 1998; Parker et al. 1998; Parker 2004) . R is the submerged dimensionless relative density, estimated at 1.65 for quartz sand grains in water of standard density; D 50 is the median grain size and g is acceleration due to gravity at 9.8 m/s 2 (Parker 2004; Holbrook and Wanas 2014) . Bankfull bedload discharge is calculated using Eq. 4 (Parker 2004) .
where q tbf is the bedload discharge per unit width, Parker et al. 1998; Parker 2004; Holbrook and Wanas 2014) . Details about the constants in Eq. 4 are available in Engelund and Hansen (1967) .
The suspended-load discharge (Q s ) is calculated using Eq. 5 and 5a (van Rijn 1984b; Parker 2004; Wright and Parker 2004) .
where (Garcia and Parker 1991; Wright and Parker 2004) , Zhu et al. 2010) , the Ferron outcrop belt is shown in the inset. C) The paleogeographic map of PS-6 showing the wave-influenced, river-dominated delta fed by an incised valley (Ahmed et al. 2014) . Also shown are the areal extent of the depositional sink (in black polygon) and the projected downdrift extension of the shoreface (in red polygon) of PS-6. See text for details.
, k is the von Kármán constant~0.4 (van Rijn 1984b).
C a is the suspended-sediment concentration at a reference depth (a), and is calculated using Eq. 5b (Wright and Parker 2004) .
where 
where r s (standard deviation of grain size) ¼ 0.5
] / (u *cr ) 2 with u 0 k (bed shear velocity related to grains) ¼ g 0:5 Cz u and u *cr as critical bed shear velocity, which can be estimated from the Shields diagram (Fig. 4) using an appropriate suspension value (van Rijn 1984b) . In this study, u *cr is estimated to be 0.031 using a critical mobility parameter from the middle of the van Rijn range (0.1 at particle parameter, D * of 15) for initiation of suspension and then solving for u *cr using the equation on the Y axis (u 2 * cr / (s À 1)gD 50 ) (van Rijn 1984b; Holbrook and Wanas 2014). The particle parameter can be calculated using
1=3 where s is the specific dimensionless density of 1.65 and v is the kinematic viscosity of the fluid ¼ 1 3 10 -6 m 2 /s for water at 208C (van Rijn 1984b). These discharge calculations are based on analysis of the coarsergrained bedload fraction, which we assume to be moving during flood periods. The predominance of dune-scale bedforms, versus upper flow regime bedforms, such as low-amplitude bedwaves or antidunes, suggests that calculated velocities, and consequently discharge, represent flood discharge, rather than mean or average discharge. The mean annual discharge is estimated below.
Estimation of Mean Annual Sediment Discharge
After calculations of the bankfull sediment discharge, the next step is to calculate the mean annual sediment discharge using Eq. 6 (Holbrook and Wanas 2014) .
where Q mas is the total annual sediment discharged in one year, Q bts is the average total bankfull sediment discharge rate, t bd is the mean annual bankfull discharge duration obtained by dividing the annual bankfull event duration by its recurrence interval, which is the average number of years between bankfull events of a given magnitude, and b is a dimensionless multiplier representing the inverse of the proportion of the total annual sediment load carried during the mean annual bankfull duration (Meybeck et al. 2003; Holbrook and Wanas 2014) .
Estimation of Mass Balance across the Fulcrum
The mean annual sediment discharge, when projected over the duration of the stratigraphic interval under study, gives an estimate of the sediment volume crossing the fulcrum. This sediment volume can then be compared with the volume of sediment deposited in the sink, estimated either by assuming a constant mean thickness value over the area of interest or using an isopach map (Bhattacharya et al. 2016) . These sediment volumes can be compared to the sediment-flux estimates to evaluate the balance of sediment budgets between source and sink. In this example, we focus on the sand budget, as this is better constrained by previous maps and cross sections ( Fig. 2 ; Ahmed et al. 2014 ).
RESULTS
In this study, the Fulcrum approach to establish source-to-sink mass balance was applied to a trunk channel deposit in an incised valley belonging to sequence 2 in the Ferron Notom deltaic wedge. This trunk valley was correlated to the shoreline systems of parasequences 6 and 7 (Fig. 2) . The paleodischarge estimates were integrated over the amount of time associated with one of the parasequences fed by the river and compared with the volume of sand mapped in the parasequence (Fig. 2) .
Estimation of Bankfull Channel Dimension
The average cross-bed set thickness reported from the fluvial channel is 0.185 m (Richards 2014) . This average value is derived from a set of 45 values of cross-bed set thickness (Fig. 5 ), which yields a mean dune height (H m ) of 0.54 m, calculated using Eq. 1. The statistical test of the viability of this method of using cross-bed thickness to determine the mean dune height requires that the ratio of standard deviation to mean of the cross-bed set thicknesses should be 0.88 (6 0.3) (Bridge and Tye 2000) . This ratio in the current study is~0.5, which is less than the limit mentioned by Bridge and Tye (2000) . This suggests that the cross-bed sets were formed by migration of dunes that did not undergo large variation in their form (Bridge and Tye 2000) . This is the reason why we have used only one value of mean dune height instead of a range. Following LeClair and Bridge's (2001) conclusion that the ratio of bankfull channel depth to mean dune height (H bf / H m ) varies between 6 and 10, the bankfull channel depth (H bf ) is estimated to range from 3.3 m to 5.5 m, which may represent the low and high range of values for bankfull channel depth. The estimated average bankfull channel depth of 4.4 m is the arithmetic mean of these two values. The outcrop measured sections also show that sequence 2 comprises a multi-story amalgamated channel system. Thickest preserved stories are also on the order of , 6 m (Richards 2014) (Fig. 6) , suggesting channel depths on that order. Zhu et al. (2012) also document channel thalweg depths of 7-9 m in sequence 2. Since average bankfull channel depth is considered to be one-half of the bankfull thalweg depth (LeClair and Bridge 2001), the mean bankfull channel depths estimated from story thickness range from 3.5 m to 4.5 m, which matches the bankfull depths estimated independently from the LeClair and Bridge (2001) method.
Using these bankfull channel depths, the range of bankfull channel widths (B bf ), estimated via Eq. 2, range from 76 m to 192 m, with a mean value of 128 m. However, none of the previous outcrop studies where channel cross sections can be directly observed have reported estimated bankfull channel width to be more than 80-100 m (Zhu et al. 2012; Richards 2014) . Similarly, the maximum bankfull channel widths reported from the younger sequence 1 are also rather less than 100 m (Li et al. 2010; Bhattacharyya et al. 2015; Ullah et al. 2015; Wu et al. 2015) . Therefore, it appears that the empirical equations are likely yielding overestimates of channel widths for the current study.
Another way of calculating the bankfull channel width is to use the width of accretion surfaces observed in meander belts, which represent 50% to 80% of channel width (Bridge 2003; Bhattacharya et al. 2016) . Using an accretion-surface width of 40 m, as observed in Sequence 2 by Zhu (2010) (Fig. 7) , bankfull channel width is estimated to range from 50 m to 80 m with a mean value of 65 m.
Estimation of Bankfull Discharge
The D 50 grain size is 0.6 mm, also estimated using the outcrop data of Richards (2014) . For the estimated channel dimensions, the slope (S) for the Ferron, estimated using the Shields criterion via Eq. 3b, ranges from 0.00056 to 0.00034, with an average value of 0.00042. A somewhat higher slope value of 0.00092 was arrived at using the stratigraphic approach of measuring the elevation drop of channel bases in the valley along a depositional-dip cross section hung from a flattened lower bentonite datum (Bhattacharya et al. 2016) . This is assumed to approximate the slope of the fluvial longitudinal profile, but the actual river slope may be a factor of two lower than the fluvial long profile, depending on its sinuosity.
The bankfull water discharge (Q bf ) is calculated using Eq. 3 for a range of values of bankfull channel depths, widths, and slopes. The low, average, and high estimates of bankfull water discharge are 2. /s, respectively. Similar bankfull discharge estimates have also been reported from the Ferron in earlier studies (Li et al. 2010; Bhattacharya et al. 2016) .
Regional hydraulic-geometry curves, or simply regional curves, are used extensively in hydrological estimations of extant river systems (Leopold and Maddock 1953; Andrews 1980; Doll et al. 2002) . These regional curves show how the channel dimensions vary with discharge as a power function at a given river cross section (Leopold and Maddock 1953) . These where y can be average channel depth, width, or velocity and Q is water discharge in ft 3 /s (Leopold and Maddock 1953) . These regional curves have also been used for paleohydrological estimations for ancient depositional systems (Davidson and North 2009 ). Using regional hydraulic-geometry curves from similar paleo-latitudes and humid subtropical climatic regimes, Davidson and North (2009) /s, respectively, for the Notom delta. These bankfull discharge values fall within the range of bankfull discharges calculated using the fulcrum approach.
The total bankfull bedload discharge (Q tbf ) is estimated by multiplying the bankfull channel width by the bedload discharge per unit width (q tbf ) using Eq. 4. The bedload discharge (Q tbf ) ranges from 0. (Table 1) .
The flow velocity is estimated using the standard Chézy coefficient, slope (as estimated above), and hydraulic radius (R). The average flow velocity is 1.7 m/s, with lower and upper bounds at 1.6 m/s and 1.9 m/s, respectively (Table 1) .
The total suspended-load discharge (Q s ) is estimated by multiplying the estimated suspended discharge per unit width (q s ) by channel width using Eq. 5. The suspended-load discharge (Q s ) ranges from 1. (Table 1) .
Estimation of Mean Annual Sediment Discharge
In order to establish the sediment balance over the duration of the stratigraphic interval under investigation, the instantaneous sediment discharge rates calculated above need to be projected first over a oneyear period and then over the duration of the stratigraphic unit of interest (Holbrook and Wanas 2014) . The mean annual discharge (Q mas ) for the trunk channel can be calculated using Eq. 6. Empirical compilations reveal a large variation in the year-averaged bankfull duration with a typical average for most modern rivers at about 2% or 7.3 days (Meybeck et al. 2003; Holbrook and Wanas 2014) . It has also been shown that approximately 50% of the total annual sediment load can be transported during such bankfull events (Meybeck et al. 2003; Powell et al. 2006) . Using these average values for average annual bankfull-event duration and the proportion of the annual sediment load carried during the flood duration based on analog data from modern rivers, the average/base case annual sediment load (Q mas ) for the Ferron channel under study is estimated at 3 3 10 6 m 3 (sum of total annual bedload and suspended load volume of 2.2 3 10 5 m 3 and 2.8 3 10 6 m 3 , respectively) with low and high range values of 1.7 3 10 6 m 3 (bedload, 1.4 3 10 5 m 3 and suspended load, 1.5 3 10 6 m 3 ) and 4.7 3 10 6 m 3 (bedload, 3 3 10 5 m 3 and suspended load, 4.4 3 10 6 m 3 ), respectively ( Table 1) .
Estimation of Mass Balance across the Fulcrum
High-frequency cyclicity or Milankovitch-scale cyclicity (10 4 -10 6 years) has been reported from the sedimentary records of the Cretaceous Interior basin of North America (Sageman et al. 1997; Meyers et al. 2001; Locklair and Sageman 2008) . Zhu et al. (2012) recorded Milankovitchscale high-frequency cycles in the Ferron Notom delta and suggested that individual parasequences may correlate to 20,000-year precessional cycles. If the time period of deposition is represented by a 10 4 yr Milankovitch cycle, (approx. 14 kyr for individual parasequences) (Zhu et al. 2012; Bhattacharya et al. 2016) , we estimated that the average total sediment volume derived from the source area that would have passed through the fulcrum during the total time duration of parasequences 6 and 7 is approximately 8.6 3 10 10 m 3 (86 km 3 ), including a bedload volume of 6.2 3 10 9 m 3 (6.2 km 3 ) and suspended-load volume of 8 3 10 10 m 3 (80 km 3 , Table 1 ).
In the absence of mapping of the lateral extent of suspended load represented by prodelta and shelf mudstone facies (Bhattacharya et al. 2016) , in this study the mass balance was compared solely for the bedload portion of the total sediment load. The limits of river-fed sand in the large delta lobe of PS6 (Zhu et al. 2012; Ahmed et al. 2014; Li et al. 2015 ) is shown in a paleogeographic map (Fig. 2C ). An isopach map for the riverdominated delta lobe in PS6 (Fig. 8) was created based on the previous paleogeographic maps (Zhu et al. 2012; Ahmed et al. 2014; Zhiyang et al. 2015) and using the thickness measurements from parasequence 6 of sequence 2 from previously published cross sections (Li et al. 2010; Zhu et al. 2012) (Figs. 2A, 2B ). Assuming 20% porosity, the volume of mapped sandstone in the delta lobe is approximately 2.1 3 10 9 m 3 (2.1 km 3 ). Regional mapping (Li et al. 2010; Li et al. 2011; Zhu et al. 2012 ) has established that the sandstone distribution in PS7 is also restricted to areas similar to that of PS6. The bedload sink volume for PS7 was estimated by considering an average thickness of sandstone at 6 m, derived from measured sections of previous studies (Li et al. 2010; Zhu et al. 2012) , and a sink area similar to PS6 (322 km 2 ) along with a porosity correction of 20%. The estimated sandstone volume mapped for PS7 is approximately 1.5 3 10 9 m 3 (1.5 km 3 ). The combined sandstone volume of the two parasequences is 3.6 3 10 9 m 3 (3.6 km 3 ), which is approximately 3/5 of the sand volume calculated as passing through the fulcrum.
Given the errors and uncertainty of the method, the fulcrum calculations show volumes that are consistent with mapped bedload volumes in the sink. This suggests a well-balanced system and also that the approach is robust. However, this and other fulcrum analyses (e.g., Holbrook and Wanas 2014; Lin and Bhattacharya 2017) show a consistent tendency to underestimate bedload volumes by up to a factor of three. In the sections below, we discuss why this may be the case. Architectural elements observed at the marine-to-nonmarine transition in the Ferron Notom delta at south Cainville, Utah, USA. The accretion surfaces observed in the meander belts in sequence 2 are shown above the sequence boundary (SB 2 in red). The widths of accretion surfaces have been used to estimate the range of bankfull channel widths in the fulcrum calculation (modified after Zhu 2010) (PF, prodelta fines; PH, prodelta hyperpycnites; SS, storm sheets; FS, frontal splay; TC, terminal distributary channel; AF, abandoned channel; MA, mouth-bar accretion).
DISCUSSION

Sediment Escape
The Ferron Notom fluvio-deltaic wedge has been interpreted as an ancient deposit of an asymmetric wave-dominated delta with strong longshore transport (Bhattacharya and Giosan 2003; Fielding 2010; Li et al. 2011) . One of the plausible explanations for the difference between the estimated source and sink sand volumes in the current study could be that there was wave reworking of the sandy delta lobes, which may have carried sediment towards the southeast beyond the limit of the current map area (Fielding 2010) . The downdrift extension of the shoreface could have been extensive; for example, 30-70-km-long shore-parallel shoreface deposits are documented for areas that lay in between trunk rivers during deposition of the younger Cretaceous Blackhawk Formation (Hampson 2000) , and these may be analogous to the Ferron. Considering an 8-km-wide shoreface belt (Taylor and Lovell 1995) , an average vertical thickness of 10 m (Zhu et al. 2012) , and an alongshore length of 30-70 km (Fig. 2B) , sand volumes transported by waves downdrift of the Ferron river mouths could have been 2.5 3 10 9 m 3 to 5.5 3 10 9 m 3 (2.5-5.5 km 3 ), which could readily account for the escaped sand volume of the higher fulcrum estimates presented above. If we consider the lower limit of sand volume transported by waves downdrift (2.5 3 10 9 m 3 ) and add it to the sink volume estimated above, the resulting sand volume would almost exactly match the total sand volume passing through the fulcrum.
Another mechanism for explaining the difference between the source and the sink volume could be the offshore transport of sand beyond the current sink area via hyperpycnal flows (Bhattacharya and MacEachern 2009; Li et al. 2015) . Rivers draining small basins in tectonically active mountainous settings have a tendency to produce hyperpycnal flows (Mulder and Syvitski 1995) . These hyperpycnal rivers normally have average discharge values less than 6000 m 3 /s (Bhattacharya and MacEachern 2009) . Considering the flood-discharge values estimated in this study within the framework of the tectonic setting and ever-wet tropical to subtropical paleo-climate (Akyuz et al. 2015) suggests that the Ferron rivers likely produced frequent hyperpycnal flows, as also shown by Bhattacharya and MacEachern (2009) , and these may have contributed to escape of bedload onto the shelf. Recent evaluation of prodelta facies in PS6 shows that there is up to 50% very fine to fine sandstone, which was deposited as hyperpycnites and a variety of potential storm-generated combined flows (Li et al. 2015) . Although these facies were not mapped, sand volumes are likely to be significant and could account for a proportion of the missing bedload. Conversely, much of this very fine sand was likely carried as suspended load and thus may not be relevant to the bedload sediment budget balance.
Errors and Uncertainties
Like any other paleohydrological estimation and sediment budget analysis, the fulcrum approach has uncertainties associated with estimation of such factors as bankfull channel dimensions, mean annual bankfull discharge, and mean annual sediment load. These uncertainties may introduce errors of up to an order of magnitude (Holbrook and Wanas 2014) . However, there are ways to reduce the range of uncertainties and/or incorporate them in the final calculation using a probabilistic approach.
Direct field measurements can help to reduce uncertainty in paleohydrological estimates. The measurements of grain size and channel depth used in the current study come from detailed outcrop observations and thus carry low error, typically less than 10%. Thickness measurements are quite accurate and are precise to within a few centimeters for a meterthick unit (i.e., uncertainty is , 10%). The precision of grain-size measurements using a standard grain size card is 1/2 /, resulting in a maximum uncertainty of about 30%. Although the number of measurements of cross-bed set thicknesses (n ¼ 45) is somewhat limited, the channel depths calculated using empirical equations based on mean crossbed set thickness are supported by direct field measurements. This suggests that the error in channel-depth estimation is low. However, the channel-width calculations based on empirical equations yield values that are significantly higher than what has been observed in the field (Li et al. 2010; Zhu et al. 2012; Ullah et al. 2015) . Empirically derived channel widths may have an error range of about 50%-100% (Bhattacharya et al. 2016) . Channel widths used for paleodischarge estimates in this study are calculated using width of lateral-accretion surfaces rather than empirical equations. The extent of lateral accretion surfaces can be measured on photomosaics with a precision of about 1 m per 10 m (about 10%), and the interpolation of channel widths from point bar extent may have an uncertainty of about 25%. As a consequence, we estimate that our channel-width estimates from outcrop observations of point-bar dimensions have an uncertainty of about 35%.
Slope calculation based on a constant bankfull Shields number (s * bf 50 ) of 1.86, approximated for sandbed rivers, may vary by a factor of two (Holbrook and Wanas 2014) . The range of slope values calculated in this study suggests variation by a factor of less than two. The slope calculated in this study matches those derived from stratigraphic methods by a factor of about two (Bhattacharya et al. 2016) . The slope calculations thus have an uncertainty of about 200%. However, it is possible that steeper slopes persist only for a limited time duration as rivers will tend to degrade towards a lower gradient, especially when incised into unconsolidated sediment, as was the case in the Ferron. So, on a time scale of~20,000 years, steeper slopes may have existed only for about 10%-15% of the time and the overall slope for rest of the 85%-90% time may have been lower. Therefore, the variation in the slope values may be relatively small. Also, fluvial long profiles may not be the same as the actual river slopes, especially for highly sinuous rivers (i.e., the length of the river course may be two times the straight-line distance, resulting in slopes that are 50% lower than the fluvial long profile).
The bankfull Shields number (s * bf 50 ) varies with particle Reynolds number, which is a proxy for grain size (Parker 2008; Wilkerson and Parker 2011; Lynds et al. 2014) , and this variation may not be captured by using a constant bankfull Shields number for slope calculations (Lynds et al. 2014) . We also calculated slope using Eq. 9 (Lynds et al. 2014) .
where u *sf is skin-friction shear velocity, w s is settling velocity , Re p is particle Reynolds number, Wilkerson and Parker 2011) , and W* is dimensionless settling velocity, which can be calculated by Eq. 9a (Dietrich 1982) .
where D*(dimensionless particle size) ¼ (q s À q)gD 3 50 / qv 2 (Dietrich 1982 ), and q s and q are grain density and fluid density, respectively. The u *sf / w s ratio can be assumed to be 2.0 after Julien (1998) . The resulting slope values range from 0.00025 to 0.00015, with an average value of 0.00019 representing an error factor of less than two. If we consider the whole spectrum of slope values estimated in this study, it shows an uncertainty of approximately 200%. Holbrook and Wanas (2014) , while applying the fulcrum approach to their mass-balance analysis of the Cretaceous Bahariya Formation of Egypt, reported that the biggest uncertainty in their sediment-budget estimation was associated with the conversion of bankfull discharge to the mean annual sediment load, which may introduce an order-of-magnitude error in the estimation. The factors contributing to this uncertainty include the annual bankfull or flood duration, its recurrence interval, and the proportion of the total sediment load carried during the bankfull period (Eq. 6). Although using the average values of bankfull duration and recurrence intervals from modern analogs might provide a reasonably gross estimate of mean annual sediment volume, it is also true that there is a large variation in the lower and upper range of these values, which is related to the climatic setting of the river system (Holbrook and Wanas 2014; Bhattacharya et al. 2016) . Data from modern rivers show that the duration of annual bankfull discharge varies from approximately 0.3% to approximately 6.6% per year, which translates into 1 to 24 days (Wolman and Miller 1960; Andrews 1980; Sweet and Geratz 2003; Powell 2006) . The recurrence interval also varies from 0.2 to 2 years (McCandless and Everett 2002; McCandless 2003; Sweet and Geratz 2003; Powell et al. 2006) . In most cases, approximately 50% of the total annual sediment load is carried during bankfull events (Powell et al. 2006) . For drainage basins with an area of the order of 10 4 km 2 , like the Ferron with an estimated drainage area of about 50,000 km 2 (Bhattacharya and Tye 2004) , 50% of the total suspended solid load can be transported during 2% or 7.3 days of a year, which corresponds to the average bankfull duration (Fig. 9 ) (Meybeck et al. 2003) . However, values may also vary from 25% (Powell et al. 2006 ) to 90% (Nolan et al. 1987 ).
Evaluation of Uncertainty Using Monte Carlo Simulation
In order to understand the sensitivity of these parameters on the calculation of annual bedload volume, a Monte Carlo simulation was run using the Oracle Crystal Ball software, which is a spreadsheet-based application. Monte Carlo simulation involves random sampling of all independent input variables, having a range of uncertainty, to obtain a distribution of ranges of dependent output values through multiple scenarios or iterations (Vose 1996) . Commonly used probability distributions include normal, lognormal, triangular, and uniform (Vose 1996) . Random samples for input variables are chosen on the basis of a suitable probability distribution and for each set of input parameters an output set is generated (Raychaudhuri 2008) . Each set of output parameters is one iteration or scenario, and the result of thousands of such iterations is a probability distribution of possible outcomes (Raychaudhuri 2008) . The results of a simulation can be expressed in terms of P10, P50 (median, unless the distribution is normal, in which case both the mean and median would be same), and P90, which represents the exceedance probability of respective numbers. For example, P90 means that 90% of values exceed the P90 estimate.
Since most of the discharge data for rivers follow a lognormal distribution (Pickup and Warner 1976; Yu and Wolman 1987; Nash 1994; Bowers et al. 2012 ), a total of 1000 realizations were run using a lognormal distribution for bedload discharge rates (Q tbf ), mean annual bankfull duration (t bd ) and the dimensionless multiplier (b) ( Table 2) , respectively (Fig. 10B ), indicating that Q mas estimations vary by a factor of four. An ever-wet tropical to subtropical climate (Akyuz et al. 2015) and the existence of abundant coals (Zhu et al. 2012 ) support the assumption that the bankfull flow duration for the Ferron River could have been more than the average of 2% or 7.3 days a year. Therefore, a discharge value higher than the current P50 value may be more realistic. The sensitivity analysis during Monte Carlo simulation (Fig. 10C) suggests that the calculations of mean annual sediment load are most sensitive to factor b, suggesting that it might have a value higher than the normally assumed value of 2 for the current study. If we consider the P50 value of bedload Q mas to establish a mass balance across the fulcrum for the combined time duration of parasequences 6 and 7, the source-area bedload volume (4.9 3 10 9 m 3 or 4.9 km 3 ) is more than 3/4 of the sand volume measured in the associated parasequences 6 and 7 delta lobes (3.6 3 10 9 m 3 or 3.6 km 3 ). This difference between source and sink bedload volumes is less than the difference between the respective bedload volumes using the deterministic fulcrum approach. However, consideration of the P90 value results in an overestimation of source-derived bedload volume, suggesting a Q mas in between P50 and P90 values. Therefore, the bankfull event duration and RI (recurrence interval) for the Ferron might be higher than the typically considered average values, and consequently a higher Q mas value might be more realistic. As mentioned earlier, this is also supported by facies (Zhu et al. 2012 ) and paleoclimatic studies of the Ferron (Akyuz et al. 2015) .
As discussed above, sediment escape by wave reworking alongshore and via hyperpycnal flows could account for underestimation of the sink volume measured in the immediate study area. Radiometric dating (Zhu et al. 2012 ) restricts the deposition of the Ferron Notom delta to have been between 91.25 6 0.77 Ma and 90.64 6 0.25 Ma, corresponding to the Prionocyclus hyatti and Prionocyclus macombi biozones (Cobban et al. 2006) . Honoring the Law of Superposition, and considering that the average biozone duration in Turonian is about 390,000 years (Garrison and van den Bergh 2004) , the total time duration for the Ferron Notom delta may vary from approximately 200,000 to 800,000 years. This represents an uncertainty range of 400%.
Dividing the total time duration for the Ferron Notom delta equally amongst the parasequences results in a calculated duration of approximately 14 kyr for each parasequence (Zhu et al. 2012) . In their geochronological assessment, Zhu et al. (2012) also reported the radiometric ages of 90.69 6 0.34 Ma for a bentonite bed lying slightly below parasequence 7, and 90.64 6 0.25 Ma for another bentonite bed 
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J S R above the coal seam in parasequence 2 ( Fig. 2A ). Considering these two dates alone, the average time duration for each of the five parasequences falling within this time window, including those under current study, is approximately 10 kyr, which, although within the same order of magnitude as before, narrows down the time interval by 30%. Considering this time duration for a parasequence, the estimated average bedload volume passing through the fulcrum for parasequences 6 and 7 is 4.3 3 10 9 m 3 (4.3 km 3 ). The total bedload sink volume of 3.6 km 3 accounts for~85% of the source-derived sand volume, which thus represents an improvement in the source-to-sink mass balance by about 25%. The 10 4 -year time duration associated with a Ferron parasequence is an order of magnitude bigger than the time duration of a single delta lobe in the Mississippi River, which is about 1500 years (Aslan et al. 2005) . It is possible that these parasequences are not as long lived, and that there is more time associated with sequence boundaries 1 and 2 (Zhu et al. 2012) . But with the current data it is not possible to improve the chronometric resolution beyond the current level, which results in a relatively long time duration for parasequences, and hence a larger sink volume. Reducing the time duration for a parasequence to~8.5 kyr results in a mass balance between source and sink bedload volumes. This time assumption would yield a total time duration for the Ferron Notom delta of about 365,000 years, which is still within the range of time duration calculated above.
Paleohydrology and sediment-budget estimations can be used in climate reconstructions, drainage-area estimations, as well as estimates of sediment partitioning between components of a linked source-to-sink system. Knowing the sediment volume passing through the fulcrum location helps in making a first-order estimate of reservoir volumes in the sink areas (Bhattacharya et al. 2016 ). This study demonstrates application of the fulcrum approach in a source-to-sink analysis, with a reduced range of errors and uncertainties than previous examples (e.g., Holbrook and Wanas 2014) through detailed outcrop work and incorporation of climate data from modern analogs. Although the biggest contributor to error is still the conversion from instantaneous to mean annual sediment load, we have managed to reduce the uncertainty in our estimation. This study also uses Monte Carlo simulation based probabilistic estimations of the sediment load of a stratigraphic system, using a range of values of annual discharge duration and recurrence intervals taken from modern analogs with similar climatic conditions.
